This study investigates the relationships between yield and evaporation as a function of lake morphology in semi-arid Brazil. First, a new methodology was proposed to classify the morphology of 40 reservoirs in the Ceará State, with storage capacities ranging from approximately 5 to 4500 hm 3 . Then, Monte Carlo simulations were conducted to study the effect of reservoir morphology (including real and simplified conical forms) on the water storage process at different reliability levels. The reservoirs were categorized as convex (60.0%), slightly convex (27.5%) or linear (12.5%). When the conical approximation was used instead of the real lake form, a trade-off occurred between reservoir yield and evaporation losses, with different trends for the convex, slightly convex and linear reservoirs. Using the conical approximation, the water yield prediction errors reached approximately 5% of the mean annual inflow, which is negligible for large reservoirs. However, for smaller reservoirs, this error became important. Therefore, this paper presents a new procedure for correcting the yield-evaporation relationships that were obtained by assuming a conical approximation rather than the real reservoir morphology. The combination of this correction with the Regulation Triangle Diagram is useful for rapidly and objectively predicting reservoir yield and evaporation losses in semi-arid environments.
relationships between lake depth and area or volume (depth-area or depth-volume curves) is not available, which makes analyzing reservoir storage processes and estimating regulated water yields difficult.
In this context, several researchers have attempted to represent reservoir morphology using field data, empirical equations and/or satellite images. In Brazil, some studies have assessed reservoir volume using the empirical equations of Molle and Cadier (1992) , who obtained data from more than 400 small dams in the Brazilian semi-arid region, as described by Lima Neto et al. (2011) . Alternatively, Liebe et al. (2005) used half-pyramid methods to estimate the storage volumes of approximately 500 small reservoirs in Ghana from satellite images. By assuming that a reservoir is an inverted conical tank (see Campos 1987) , Campos (2010) developed a simplified procedure (the Regulation Triangle Diagram -RTD) to predict yield, evaporation, and spill during the storage process. This method is valid for hydrologic conditions consisting of two seasonally intermittent rivers (corresponding to the conditions in Northeast Brazil and Northern Australia). Since the first edition of the Ceará State Water Resources Plan (SRH 1992) , the RTD has been used to determine reservoir sizes from small, medium and large dams in semi-arid regions of Brazil.
Apart from previous studies on surface reser voirs in semiarid environments, Håkanson (1981) developed classical methodologies for analyzing lake morphology and its relationships with lake ecology (primarily focusing on natural lakes located in temperate regions). The main contributions of Håkanson (1981) included the proposed terminol ogy and class limits for classifying lake morphol ogy based on hypsographic curves. According to his method, lakes can be classified as very convex (VCx), convex (Cx), slightly convex (SCx), linear (L), and concave (C). The effect of such dif ferent morphologies has long been investigated in limnology (e.g., Håkanson 2004 , Håkanson et al. 2004 . However, to the authors' knowledge, no studies have addressed the effects of lake morphology on reservoir storage processes.
In this paper, we adapted the Håkanson (1981) morphology curves, which traditionally use lake area and depth, to use volume and depth. In addition, we developed an algorithm based on the maximum correlations between the points of a theoretical curve and the actual reservoir volume vs. depth values. Using this algorithm, we classified 40 reservoirs into the Håkanson morphological classes. Then, we used hydrological modeling to investigate the impacts of reservoir morphology (including their real forms and simplified conical shapes, as proposed by Campos (2010)) on the trade-offs between reservoir yield and evaporation losses for different reliability levels. This paper is important for the following reasons: (1) it provides a simple and accurate method for classifying the morphology of reservoirs; (2) it provides the first study that analyzes the effect of reservoir morphology on the yield-evaporation-spill relationships in reservoirs; and (3) it assesses the accuracy of the RTD procedure of Campos (2010) and proposes corrections to account for the actual conditions of real reservoirs (compared to the inverted conical tank). The methodology proposed here can be potentially used in a wide range of applications including small scale irrigation projects and plans, as well as large scale watershed planning and management.
sTudy arEa aNd mETHodoLoGy
The State of Ceará has an area of approximately 150,000 km 2 and a population of over 8.5 million inhabitants. It is located in the semi-arid region of Brazil ( Fig. 1) , which is characterized by a strongly negative atmospheric water balance, where most of the rivers are seasonally intermittent and the main sources of fresh water are surface reservoirs with storage capacities that range from less than 10 to approximately 4,500 hm 3 (for a total of approximately 25,000 surface reservoirs, estimated from the data of Lima Neto et al. (2011)). Detailed climate and hydrological characteristics of the State of Ceará were provided by Alves et al. (2012) .
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Data ColleCtion anD analysis
The first stage of this study consisted of collecting and analyzing the data from the Secretaria dos Recursos Hídricos do Ceará -SRH (the State Water Resources Department), which included the following parameters for each reservoir: a) reservoir storage capacity, b) maximum water depth, c) depth-volume curve, d) monthly stream flow, e) monthly evaporation, and f) monthly precipitation. Because of the availability/consistency of the data, a total of 40 reservoirs (described in Table I) were selected for the present study.
ReseRvoiR MoRphology
The second stage consisted of transforming the normalized depth-area curves of Håkanson (1981) into normalized depth-volume curves using the following equation:
where Z represents storage, h is the water height related to the lowest elevation of the water in the reservoir, A is the lake surface area, and n refers to a particular water level. Observe that this procedure was necessary since SRH only provided depth-volume curves (rather than depth-area curves). Figure 2 (a) shows the original depth-area diagram from Håkanson (1981) , which classifies the reservoirs as VCx, Cx, SCx, L, or C. Observe that each class represents a region between two curves (e.g., Cx reservoirs are located between F2 and F3 curves). Figure 2 (b) shows the depth-volume diagram proposed here, following the same class limits defined by Håkanson (1981) . Assuming that the reservoirs have a circular surface area, Figure 3 graphically depicts the form of the reservoirs by using the curves F1, F2, F3, F4, F5 and F6 shown in Figure 2 
where α is the reservoir shape factor given by α = K/h max 3 , K is the reservoir storage capacity, and h max is the maximum water depth. Figures 2(a) and 2(b) show that the cone shape consistently falls within the slightly convex (SCx) region in the depth-area and depth-volume diagrams. To provide quantitative results, the average coefficient of determination (r 2 ) between the conical reservoir curve (solid line) and the two adjacent depth-volume curves (dashed lines) [see Fig. 2(b) ] can also be calculated. For conical reservoirs, the average value of r 2 (0.997) was higher for the two adjacent curves that define the SCx morphology relative to the other pairs of adjacent curves. The same procedure was conducted to classify the morphology of the 40 reservoirs that were selected for the present study. Thus, depending on the real depth-volume curve of each reservoir, the morphology could be classified as VCx, Cx, SCx, L, or C, according to the average values of r 2 that were obtained for each morphology.
hyDRologiCal MoDeling
The third stage of the study consisted of simulating the reservoir storage process by considering the original depth-volume curves and their corresponding (simplified) curves based on the conical shapes obtained using Eq. 2. The detailed steps of the simulations are outlined as follows.
We first assumed that the stream flow follows a gamma distribution function. In practice, univariate gamma distribution function is one of the most used in frequency studies (Yue et al. 2001) . For yearly stream flows in semiarid regions, gamma function has been extensively used by many authors (McMahon et al. 2007a , b, Campos 2010 . A recent study of Campos et al. (2014) resulted in a good agreement between observed and modelled series of inflows for the largest river in the State of Ceará (Jaguaribe River) by using gamma function. Then, assuming this type of function it was possible to generate a synthetic annual stream flow time series over at least 80 years of data (> 50 years, as suggested by McMahon et al. 2007a ) for each reservoir. The fragment method of Svanidze (1980) was used to determine the monthly stream flow regime of the rivers. From the monthly fragments of historical data and the annual synthetic time series, we were able to generate a synthetic monthly stream flow series. Monthly averages provided by SRH were used to determine the evaporation and precipitation over the lake surfaces. Hence, using the synthetic monthly stream flow series and the average losses of the lake (evaporation minus precipitation), the reservoir budget equation given below was solved using a Monte Carlo simulation to provide the yield-evaporation-spill relationships.
( )
Here, Z i+1 and Z i are the reservoir volumes in months i + 1 and i, respectively, E i is the average depth of the water evaporated from the lake surface in month i, P i is the average rainfall over the lake surface in month i, A i+1 and A i are the lake surface areas in months i + 1 and i, respectively, I i is the reservoir inflow in month i, R i is the total reservoir withdrawals in month i, and S i is the volume spilled in month i.
The procedure described in this study is similar to that described by Campos (2010) and Campos et al. (2014) . However, different reliability levels (80, 90, 95 and 98%) were considered in this study in addition to a large number of reservoirs (40). Furthermore, the simulations in this study were performed using both the original (real) depth-volume curves and those obtained for a conical shape. All of the simulations considered that the reservoirs were full at the beginning and that the water was uniformly released over the duration of the simulation. JOSé N.B. CAMPOS, IRAN E. LIMA NETO, TICIANA M.C. STUDART and LUIz S.V. NASCIMENTO
eRRoR analysis
Eq. 4 is used to estimate the normalized error in the simulations of water yield that consider the conical shape instead of the real depth-volume curve:
where Q cone and Q original are the regulated water yield (associated with a reliability level) obtained by considering the inverted conical tank and the original shapes, respectively, and μ is the mean annual inflow. This equation was chosen to nor malize the yield based on the mean annual inflow and to minimize discrepancies due to scale effects. Calculating the errors using Eq. 4 also allowed us to evaluate the accuracy of the RTD procedure of Campos (2010) (which assumes that the reservoirs have a conical form) and to propose corrections for the yield-evaporation-spill relationships to account for the actual shapes of the reservoirs.
rEsuLTs aNd dIsCussIoN
Table I lists the 40 reservoirs that were selected for this study, including their storage capacity (K), maximum water depth (h max ), shape factor (α), sample number of data points (n), morphology classification (original depth-volume curves) based on the methodology described above, and the errors in the water yield (obtained from the inverted conical tank and real simulations) calculated using Eq. 4 for each reliability level (80 -98%). Note that all the depth-volume curves were provided by SRH. The year of surveillance refers to the date of construction of each reservoir, which ranged from 1906 (Cedro reservoir) to 2005 (Arneiroz reservoir).
TaBLE I
List of the 40 reservoirs that were selected for this study, including their storage capacity (K), maximum water depth (h max ), shape factor (α), sample number of data points (n), classification according to morphology and the errors in the water yield for each simulated reliability level (80 -98%). Figure 4 shows an example of reservoir classifications, including Trici and Castanhão as Cx, R. Carvalho and Aurora as SCx, and Ingazeiro and Atalho II as L. All of the reservoirs listed in Table I presented a maximum coefficient of determination (r 2 ) that was greater than 0.99, which gives credence to the methodology proposed herein for classifying reservoir morphology.
As summarized in Figure 5 , most reservoirs were classified as SCx (60.0%), followed by Cx (27.5%) and L (12.5%). No reservoirs were classified as VCx or C. Because the conical shape was classified as SCx (Fig. 2) , most of the reservoirs evaluated here (also classified as SCx) should behave similarly to a conical reservoir. In addition, no general trend was observed for the reservoir morphology as a function of storage capacity, maximum water depth or the shape factor. Figures 6 and 7 show typical results of the Monte Carlo simulation of yield-evaporation-spill for different reliability levels (80 -98%) and different reservoirs [Trici (classified as Cx) and Atalho II (classified as L)] considering their original depth-volume curves and their simplified curves given by Eq. 2 (conical shape). As expected, the regulated water yield decreased with the reliability level, while the evaporation and spill losses increased in both reservoirs. By contrast, when the conical shape was used instead of the original convex reservoir (Trici), the annual water yield increased by approximately 0.5 hm 3 while the evaporation decreased by approximately 0.5 hm 3 ; thus, the spill losses remained approximately constant (for the same reliability level). By contrast, when the cone was used instead of the original linear reservoir (Atalho II), the annual water yield decreased by approximately 1.0 hm 3 and the evaporation increased by approximately 1.0 hm 3 ; thus, the spill losses remained constant. Similar behaviors were obtained for the other reservoirs listed in Table I . Thus, a trade-off occurred between yield and evaporation when the conical approximation was used instead of the real reservoir morphology, but with different trends for convex and linear shapes (inversely related). Based on Figure 8 , in which the reservoirs with different morphologies (Cx, SCx and L) and the same storage capacities and maximum water depths (i.e., the same values of α), the reservoirs present different surface areas and different evaporation losses. Hence, Cx reservoirs tend to present higher evaporation losses than conical reservoirs, while the opposite result occurs in L reservoirs. 
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By contrast, SCx reservoirs generally present slightly lower evaporation losses than conical reservoirs. Figure 8 was obtained by converting the depth-area curves from Håkanson (1981) [see Fig. 2(a) ] into a depth-diameter diagram by assuming that the reservoir diameter was proportional to the square of the lake surface area (see Figure 3 ). Figure 9 shows the average bias errors in water yield (with bars representing the standard deviations) that were obtained by comparing the simulation results for the conical approximation and the real morphologies (SCx, Cx, and L) [see Eq.
(3)] for all of the reservoirs listed in Table I at different reliability levels (80 -98%). Average biases of +1.75, +2.07, +2.16, and +2.42% of the mean annual inflow μ were obtained when comparing the conical approximation to the Cx reservoirs for reliabilities of 80, 90, 95, and 98%, respectively. Thus, such an approximation overestimates the water yield, which slightly increased with the reliability level. By contrast, average biases of -1.29, -1.27, -1.12, and -1.29% were obtained when comparing the conical approximation to the L reservoirs. In contrast with the convex reservoirs, this approximation underestimates the water yield that and does not follow any clear trend relative to the reliability level. Finally, average biases of -1.09, -1.04, -1.05, and -1.02% were obtained for the SCx reservoirs with a behavior that was similar to that of the L reservoirs (but with smaller errors). For all of the above cases, the average bias in the water yield was compensated for by the average bias (with the opposite signal) in the evaporation losses, while the spill losses remained nearly constant for the different reservoir morphologies (original and conical forms). Therefore, it is possible to use the aforementioned biases to verify the accuracy of the RTD procedure of Campos (2010) and to propose corrections to account for the actual shape of the reservoirs (as compared to the conical form).
Regarding the accuracy of the RTD approach of Campos (2010) , the standard deviations shown in Figure 9 indicate that the errors in predicting the water yield by assuming the conical approximation may be up to ±5% of the mean annual inflow μ. Note that this error did not present any trends with reservoir size or other variables evaluated in the present study (see Table I ). For larger reservoirs (with large storage capacities K compared to μ), where up to 70% of μ is regulated (for the present study), the above-mentioned Fig. 2(a) ], which assumes that the reservoir diameter is proportional to the square of lake surface area. The curves indicate reservoirs with different morphologies (Cx, SCx and L), but with the same storage capacities and maximum water depths (i.e., the same values of α). Solid lines represent a conical reservoir. (See the colors in the online version). error (5%) may be ignored. By contrast, for smaller reservoirs (with small K with respect to μ), the error may be relevant because regulated water yields that were as low as 10% of μ were found herein. However, corrections can be made to the RTD procedure if the original depth-volume curve is available to classify the reservoir according to its morphology following the methodology described in this study.
The first edition of the Ceará State Water Resources Plan (SRH 1992) , as well as the subsequent State Decree (# 23067/94), established a reliability level of 90% as the main reference for water allocation. Thus, by considering this reliability level as an example, the corrections for the RTD approach of Campos (2010) can be expressed as follows: a) From conical to Cx reservoirs:
• Note that similar corrections can be performed for the other reliability levels (80, 95, and 98%) using their corresponding biases (already calculated in this study).
appLICaTIoN
The methodology and results obtained here can be used to correct (from the conical to the actual reservoir shape) the water yield predicted from the RTD of Campos (2010) . The M. Tabosa reservoir (Table I) can be used as an example. This relatively small reservoir has a storage capacity of K = 12.1 hm 3 and a maximum water depth of h max = 21.1 m (α = 1288.1). Its mean annual inflow is μ = 248.0 hm 3 , and its regulated yield with 90% reliability is Q cone = 14.0 hm 3 (estimated from the RTD). Thus, using the depth-volume curve of this reservoir and the methodology proposed here, M. Tabosa can be classified as a SCx reservoir. Then, using the relationship Yield (SCx) = Yield (Cone) -1.04%μ (given above), the regulated yield can be corrected to Q SCx = 11.4 hm 3 (approximately 20% smaller than Q cone ). Note that this error decreases as the capacity-to-inflow ratio increases, which normally occurs for larger reservoirs.
CoNCLusIoNs
This study presents a new contribution for the classification of lake morphology and analysis of its impact on reservoir yield and evaporation losses. Of the 40 reservoirs selected, 60.0% were classified as slightly convex (SCx), 27.5% as convex (Cx), and 12.5% as linear (L). The Monte Carlo simulation for different reliability levels (80, 90, 95, and 98%) showed that the Cx reservoirs generally presented lower water yields than conical reservoirs with the same storage capacities and maximum water depths. This result occurred because of their higher evaporation losses. The opposite trend occurs with SCx and L reservoirs. The results indicated a clear trade-off between reservoir yield and evaporation losses when the conical approximation was used instead of the real reservoir morphology, as spill remained constant for each reliability level. The errors in estimating the water yield by assuming the conical approximation were up to 5% of the mean annual inflow. For large reservoirs with high capacity-to-inflow ratios, where up to 70% of the mean annual inflow was regulated, this error may be negligible. By contrast, for smaller reservoirs with low capacityto-inflow ratios, this error may be important because regulated yields as low as approximately 10% of the inflow were found. Finally, for each reliability level, we present a procedure for correcting the obtained yield-evaporation-spill relationships by assuming a conical approximation rather than using the actual shape of the reservoirs. When this correction is used with the Regulation Triangle Diagram -RTD from Campos (2010) , it can easily predict the yield-evaporation-spill in the reservoir storage process in semi-arid regions, such as Northeast Brazil and Northern Australia. Overall, the methodology proposed herein can be applied in many practical situations ranging from small scale irrigation plans to large scale watershed plans. rEsumo Este estudo investiga as relações entre vazão e evaporação em função da morfologia de lagos em uma região semiárida do Brasil. Inicialmente, foi proposta uma nova metodologia para classificar a morfologia de 40 reservatórios no Estado do Ceará, com capacidades de armazenamento variando entre aproximadamente 5 e 4500 hm 3 . Em seguida, foram realizadas simulações do tipo Monte Carlo para estudar o efeito da morfologia do reservatório (incluindo suas formas reais e cônicas simplificadas) sobre o processo de armazenamento de água em diferentes níveis de garantia. Os reservatórios foram classificados como convexos (60,0%), ligeira mente convexos (27,5%) ou lineares (12,5%). Quando a aproximação cônica foi usada em vez de a forma real do lago, ocorreu uma compensação entre vazão e perdas por evaporação com diferentes tendências para os reservatórios convexos, ligeiramente convexos e lineares. Usando a aproximação cônica, os erros na previsão da vazão da água foram de aproximadamente 5% da média da vazão anual afluente, o que pode ser considerado insignificante para grandes reservatórios. No entanto, para reservatórios menores, este erro se tornou relevante. Portanto, este trabalho apresenta um novo procedimento para corrigir as relações entre vazão-evaporação que foram obtidas assumindo uma aproximação cônica, em vez de a morfologia real do reservatório. A combinação desta correção com o Diagrama Triangular de Regularização é útil para predizer rápida e objetivamente as perdas de vazão e evaporação do reservatório em ambientes semiáridos. palavras-chave: perdas por evaporação, modelagem hidrológica, morfologia de lagos, vazão regularizada, regiões semiáridas, disponibilidade hídrica.
